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ABSTRACT 



Helicopter external air transportation plays an important role in today’s world. For both military 
and civilian helicopters, external sling load operations offer an efficient and expedient method of handling 
heavy, oversized cargo. With the ability to reach areas otherwise inaccessible by ground transportation, 
helicopter external load operations are conducted in industries such as logging, construction, and fire 
fighting as well as in support of military tactical transport missions. Historically, helicopter and load 
combinations have been qualified through flight testing, requiring considerable time and cost. With 
advancements in simulation and flight test techniques, there is potential to substantially reduce costs and 
increase the safety of helicopter sling load certification. Validated simulation tools make possible accurate 
prediction of operational flight characteristics before initial flight tests. Real time analysis of test data 
improves the safety and efficiency of the testing programs. To advance these concepts, the US Army and 
NASA in cooperation with the Israeli Air Force and Technion, under a Memorandum of Agreement, seek 
to develop and validate a numerical model of the UH-60 with sling load and demonstrate a method of near 
real time flight test analysis. This thesis presents results from flight tests of a US Army Black Hawk 
helicopter with various external loads. Tests were conducted as the US first phase of this MOA task. The 
primary load was a container express box (CONEX), which contained a compact instrumentation 
package. The flights covered the airspeed range from hover to 70 knots. Primary' maneuvers were pitch 
and roll frequency sweeps, steps, and doublets. Results of the test determined the effect of the suspended 
load on both the aircraft’s handling qualities and it’s control system’s stability margins. Included were 
calculations of the stability characteristics of the load’s pendular motion. Utilizing CEFER® software, a 
method for near-real time system identification was also demonstrated during the flight test program. 
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1. INTRODUCTION 



Helicopter external slung load capabilities are crucial to many civilian and military operations. As 
such, it is of great interest to both the research and the operational worlds to increase the understanding of 
the dynamic interactions that exist when a helicopter is coupled with a slung load The two main concerns 
being the safety of the crew and aircraft and the continual drive to decrease the costs associated with 
qualifying loads, slings, and helicopters for external cargo operations. In an effort to address some of the 
unique aspects of this area, the U.S. and Israel joined efforts through a Memorandum of Agreement. This 
thesis presents the results from the first series of flight tests conducted in support of this project. In 
particular, the effect of the suspended load on the helicopter’s handling qualities and its control system’s 
stability margins will be addressed. Load pendulum motion is analyzed. Also, presented is a discussion 
about the setup and use of CEFER for near real time data analysis. 

A. BACKGROUND 

The helicopter external air transportation (HEAT) of cargo by both the military' and the civilian 
market can be traced nearly to the beginning of the history of the helicopter itself. With the ability to 
handle heavy, oversized loads; to reach areas inaccessible by ground transportation; and to provide fast 
transit times; helicopter external load operations have found a home in such civilian industries as 
lumbering, construction, fire-fighting and oil exploration. In the military, HEAT is crucial to the success of 
the tactical transport and supply missions (Figure 1. 1). Historically, the certification of a load, suspension 
system and helicopter for external air transport has been accomplished through flight testing [Ref. 1]. This 
is not only a time consuming task, especially considering the multitude of load, sling and helicopter 
combinations, but one which can be costly and dangerous. Even with prior flight clearance, problems with 
load and helicopter stability, sometimes with catastrophic results, arise when operational conditions do not 
match those of the original qualifying flight test. 
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Figure 1.1. U.S. Navy H-46D Performing Vertical Replenishment at Sea (VERTREP) 



Certification of all Department of Defense (DOD) external loads is the responsibility of the U.S. 
Army Research, Development, and Engineering Center at Natick Maryland per the Joint Logistics 
Commanders Memorandum of Agreement on External Helicopter Transported Loads. This organization 
qualitatively assesses and certifies specific load and lifting configurations. No quantitative evaluation of 
stability margins or handling qualities is made. [Ref. 2] 

As computers and modeling techniques advance it is a natural extension to apply these capabilities 
to helicopter external slung loads operations. To improve current simulations, it is necessary to improve 
the level of understanding of how the load, sling and helicopter interact. Some of the influences include; 
load weight and inertia, load aerodynamic characteristics, load mass as a fraction of the helicopter mass, 
sling configuration, length and elastic properties, helicopter dynamics and the power margin of the 
helicopter. Flight test data and system identification offer invaluable insight into these effects as well as 
provide the means to validate the model. This validated model can then be applied to estimate the expected 
helicopter and sling load flight envelope and in this way, pinpoint potential stability problems prior to flight 
testing. The obvious benefits are those of reduced cost and increased safety. 
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The U.S. Army and the National Aeronautics and Space Administration (NASA), in cooperation 
with the Israeli Air Force and Technion University, under a Memorandum of Agreement (MOA) have 
initiated a program to advance these concepts. This thesis presents initial results from the first phase of 
flight testing performed in support of this project. 

B. UNITED STATES / ISRAELI MEMORANDUM OF AGREEMENT 

Initial cooperative efforts between the United States and Israel began in October 1986 with an 
investigation of the effects of biodynamic interference on panel-mounted and helmet-mounted displays. As 
follow-on to that project, a formal three-year agreement was drafted and signed in November 1988. Due to 
the continued success of this initial endeavor, four years later in November 1992, a nine-year Memorandum 
of Agreement (MOA) for cooperative research on “Rotorcraft Aeromechanics and Man-Machine 
Integration Technology” was signed This agreement was designed to bring together academia, industry 
and government research laboratories of both countries to work jointly on basic areas of research in the 
rotorcraft field At present, nine specific research projects are identified Three of these, “Task 1 : 
Biodynamic Interference in Helicopter Displays”, “Task 3: Human Factors Aspects of Thermal Imagery 
Interpretation” and “Task 6: Active Armor Concepts” have been completed The six remaining active 
programs are [Ref. 3]; 

• Task 2: Rotorcraft Flight Mechanics Modeling 

• Task 4: Unsteady Flow Control 

• Task 5: Coupled Rotor/ Airframe Analysis for Preliminary' Design 

• Task 7: Human Vision Modeling 

• Task 8: Flight Mechanics of Helicopter/Sling-Load Systems 

• Task 9: Human Performance Modeling in MIDAS 
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The study of helicopter external load operations falls under Task 8. This task was included in the 
MOA in 1995, in an effort to address some of the issues identified above in the Background. The main 
objectives of the task are [Ref. 4] : 

• Study basic flight mechanics of rotorcraft/sling load systems. 

• Develop numerical simulation modeling techniques, validated by flight test and system 
identification, which can accurately estimate the expected helicopter/sling load envelope in 
advance of flight testing. 

• Develop near real time data analysis capability for verifying aircraft and load stability margins 
during envelope confirmation flight testing. 

• Analytical investigation of the potential of load stabilization, both passive and active, for 
improving mission performance. 

• Use the numerical simulation to further investigate twin-lift operations to include performance, 
stability, pilot workload, and other related issues. 

The main thrust of the U.S. efforts in support of Task 8 is to conduct the flight tests of a UH-60A 
Black Hawk helicopter with a range of external loads. These tests provide the opportunity to demonstrate 
the capability of near real time analysis of the aircraft and load responses, using off-the-shelf technology. 
The specific goals of the analysis are to determine the effect of the load on both the handling qualities of 
the helicopter and on the control system’s stability margins, as well as to characterize the motion of the 
load. A long-term goal is to extract the aerodynamic properties of the load from the flight test data This 
data, along with analysis, will then be used in support of the simulation efforts. 
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n. TEST EQUIPMENT 



A. HELICOPTER DESCRIPTION 
1. General 

A Sikorsky UH-60A “Black Hawk” helicopter. Army serial number 83-23748 abbreviated to 
NASA 748, was utilized for this flight test program. This aircraft was employed for the previous ten years 
as the test bed for the joint U.S. Army and NASA “Airloads Project” which completed flight testing in 
1994. The major system elements of the rotating data system (RDAS) were removed from the aircraft 
while the aircraft data system (ADAS) remained intact. The ADAS is capable of providing over one 
hundred channels of pulse code modulation (PCM) encoded data from a full suite of existing sensors 
appropriate to a wide range of potential flight projects [Ref. 5]. A listing of the signals monitored during 
test flights is contained in Appendix A. 

The Black Hawk’s primary mission for the US Army is the tactical transport of troops, supplies 
and equipment. Its general configuration is shown in Figure 2. 1 and the major specifications and aircraft 




Figure 2.1. UH-60A Black Hawk Helicopter General Arrangement. After Ref. [6]. 





parameters are listed in Table 2. 1 . The main and tail rotor systems each are comprised of four titanium/ 
fiberglass blades. The drive train consists of a main transmission, intermediate gearbox, and tail rotor 
gearbox with interconnecting shafts. The aircraft is powered by two T700-GE-700 gas turbine engines 
with a maximum take-off power rating of 3.086 shaft horsepower [Ref. 6], Other than the test 
instrumentation package installed on this aircraft, it is similar to Black Hawks currently operating in the 
field with the U.S. Army. 



Empty Weight 




11,563 lbs 


Fuel Weight, Typical 




2,446 lbs 


Crew Weight: 2 Pilots, 1 Crew Chief 


600 lbs 


Takeoff Weight, Typical 




14,609 lbs 


Maximum Takeoff 




20,250 lbs 


Engines (2) 




T700-GE-700 


Maximum T.O. Rating 




3,086 SHP 


Maximum Useable Power 




2,828 SHP 


Maximum Hook Capacity 




9,000 lbs 


Rotor Parameters 


Main Rotor 


Tail Rotor 


Radius (ft) 


26.83 


5.5 


Chord (ft) 


1.73 


0.81 


Solidity 


0.082 


0.188 


Number of Blades 


4 


4 


Rotor Rotational Speed (rad/sec) 


27.02 


124.54 


Tip Speed (ft/sec) 


725 


685 


Hinge Offset Ratio 


0.047 


— 



Table 2.1. NASA 748/UH-60A General Specifications. From Refs. [6], [7] and [8], 



2. Cargo Hook 

The standard UH-60A cargo hook was modified to include a load cell for determination of in- 
flight loads exerted on the hook. The system installed was an E-79 Electronic Load Weigh System from 
Onboard Systems of Portland, Oregon. It consists of a cockpit indicator; a load cell built into the cargo 
hook and an interconnecting wiring harness. The signal from the load cell was patched into the ADAS and 
included as an additional channel of recorded and telemetry data. Figure 2.2 shows the cargo hook and the 
basic weigh system components. The hook is installed along the helicopter’s centerline at fuselage station 
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353.0 and is certified for a maximum load of 9.000 pounds. The hook can rotate about the longitudinal axis 
and cable angle should be limited to 30-degrees in pitch to avoid damage to the keeper [Ref 6]. 




Figure 2.2. UH-60A Cargo Hook with Weigh System Installed. From Ref. [9]. 



B. LOADS 



Four loads of varying sizes and weights flew as part of the test program. Load weights range from 
1,070 pounds up to 6,164 pounds and they all are listed in Table 2.2. Figure 2.3 gives a good perspective 
of the various sizes of the loads, from a flat plate to a container express box (CONEX). 





Block Loads 


CONEX 


10K Capacity 




IK 4K 6K 


2K 


4K 


4-Leg Sling 


Weight (lbs) 


1,070 4,154 6,164 


1,794 


4,105 


52 



Note: 1. Sling weight not included in load weights. 

2. CONEX weight includes all instrumentation. 



Table 2.2. Test Load and Sling Weights. 
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Figure 2.3. Test Loads and Sling (L to R, IK, 4K, 6K, and CONEX). 



1. CONEX 

The primary load for this project is commonly Referred to as a CONEX (container express) [Ref. 
10], It is a basic steel container, 8.5 x 6.4 x 6. 1 feet, with a flat floor and roof and corrugated sides as seen 
in Figure 2.3. For determination of its center of gravity (CG), it is modeled as a box with its mass 
uniformly distributed throughout the sides, top and bottom. Detailed three-view drawings are included in 
Appendix B. 

The CONEX was selected for several reasons. First, with an empty weight of 1800 pounds and 
the capability to be loaded to werghts in excess of 6,000 pounds it provides a convenient platform to study 
the effect of changing load weights without altering the basic geometry. Second, a shelf could be easily 
built inside to support the instrumentation package. Third, it provided a simple geometric shape with 
significant aerodynamic properties, which could be easily modeled for wind tunnel testing to be conducted 
in Israel. Finally, it is representative of some operational loads currently being transported externally by 
helicopter. 

A few minor modifications were made to the CONEX to facilitate instrumentation installation and 
improved safety. A shelf was installed inside the box. Constructed of aluminum, the shelf was designed to 
survive a 2.25g load. Incorporated into the design was the ability to raise and lower the shelf to 
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accommodate a change in center of gravity. A magnetic compass, which provided the load heading was 
mounted on an aluminum boom attached to the rear of the CONEX to reduce the magnetic interference 
effects of the steel box. The distance away from the box was determined through trial and error with the 
assistance of the compass’ built in calibration process. The antenna for transmission of the telemetry data 
was placed on the front wall, opposite the compass, and was covered by a small kevlar bubble. For safety 
considerations and for the benefit of the ground/hook-up crew, a handle was installed over the doors. This 
provided a solid handhold when climbing up on to or down from the top of the CONEX. 

2. Solid Block Loads 

Three solid block loads were also flown at various stages of the flight test program As stated in 
Table 2.2, their respective weights are 1,070 lbs, 4, 154 lbs and 6, 164 lbs. These loads provided the 
opportunity to isolate and study just the effect of varying weight with minimal influence from aerodynamic 
forces. The blocks were assumed to generate negligible aerodynamic specific forces and moments and 
were demonstrated to be stable over the range of airspeeds flown. The blocks are constructed of steel and 
concrete. The small lk load was suspended from the helicopter with a standard 20-foot long single pendant 
sling with a four-leg bridle. As with the CONEX, the 4k and 6k loads each were suspended from the 
helicopter using the four-leg sling described below. 

C. LIFTING SLING 

A standard U.S. Military 10,000-pound capacity sling was acquired for the test as the baseline 
configuration. It consists of an aluminum apex fitting (shackle) joining four legs together. Each leg is 
comprised of a twelve-foot long, 7/8-inch diameter nylon rope, with eye splices at each end, a grab-hook, 
and an eight-foot chain (Figure 2.4). The sling weights 52 pounds. Each leg has a 2,500 pound capacity. 

As shown in Figure 2.4, the chain is doubled back through the lift point back to the grab-hook. For test 
standardization and safety, the sling was attached to the load in accordance with the Multi-Service 
Helicopter External Air Transport: Basic Operations and Equipment Manual [Ref. 10]. Attached in this 
fashion, the overall unloaded static length of the sling, from the lift point to the aircraft cargo hook was 
approximately 16.75 feet. Figure 2.5 illustrates the basic sling-load geometry' for the 4k block and CONEX. 
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Figure 2.4. Standard U.S. Military 10,000-pound, 4-Leg Sling. After Ref. [10]. 




DIMENSION 


4K BLOCK 


2K CONEX 


4K CONEX 


AB 


16.75 


16.75 


16.75 


AE 


16.65 


16.01 


16.01 


AF 


17.25 


19.21 


20.75 


BC 


2.64 


8.12 


8.12 


BD 


2.64 


5.61 


5.61 


a 


1.47 


3.06 


3.06 


b 


1.47 


4.25 


4.25 


c 


0.61 


3.20 


4.74 



NOTES: 1 . All dimensions in feet. 

2. Sling stretch neglected. 

3. 4K CONEX ballast, 43 bags of spill absorbent material. 



Figure 2.5. Sling-Load Geometry. 



10 



Limited data is available m regards to the spring constant and natural frequency of the sling. 
Dynamic testing of the sling performed at the NASA Ames calibration laboratory concluded that the spring 
constant of the four-leg sling varies with applied load [Ref. 1 1]. Tests conducted by the U.S. Army 
Aviation Troop Command, Directorate for Engineering Ground Support Equipment Branch also concluded 
“the spring rate increases with load and with repeated application of load” [Ref. 12]. Results from the 
Ames test are listed in Table 2.3. Investigations are ongoing into the effect age and use have on the 
characteristics of slings of this type. 



Load Weight 


Natural Frequency 


Damping 


Spring Constant 


(lbs) 


(Hz) 




(lbs/in) 


701.45 


4.843 


0.0157 


1839 


4197.0 


2.54 


0.0269 


3215 



Table 2.3. Results from NASA Ames Calibration Laboratory Dynamic 
Sling Tests. From Ref. [11]. 



In an effort to obtain more information about the sling’s elastic properties, a static suspension test 
was performed using each test load. Sling leg elongation up to 0.86-foot was recorded when the 6K block 
was suspended The range of elongation for application of all four loads is between one to five percent 
During the test, however, no time was allocated for the sling to “relax” between lifts. When the CONEX 
was lifted just after the 6K block, the amount of stretch was significantly less than the lighter IK block, 
which was the first lift. This inconsistency is due to the build up of the hyteresis in the sling legs. This 
problem is seen as the dip in the data presented in Figure 2.6, where the number above the data points 
indicates the lifting order. 

Although these sling parameters are important to the overall task and future simulation modeling 
the inconsistencies in the sling data did not play a critical role in this phase of the project. The concern at 
this point is the pendular characteristics of the slung load, which has a natural frequency around 0.24 hertz 
(1.5 rad/sec), well below the stretch frequencies. 
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Figure 2 6. Stretch Test of the 10,000-pound Capacity, 4-Leg Sling. 

In an attempt to eliminate the wind-up of the sling legs in flight due to the yaw rotation of the 
CONEX, a swivel (Figure 2.7) was installed at the shackle end of the sling. The swivel was load tested to 
10,000 pounds and weighed 25 pounds. Unfortunately, due to the helicopter’s rotational downwash and 
load aerodynamics, the load developed yaw rates in excess of 50 degrees per second at hover and 30 knots 
Concerns about possible instrumentation lags and the safety of prolonged flight with the swivel subjected to 
this condition led to its removal for the remaining test flights. 




Figure 2.7. Installed Sling Swivel 
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D. 



LOAD INSTRUMENTATION PACKAGE 



The Israeli Air Force Flight Test Center, Instrumentation Department, designed and fabricated the 
load instrumentation package as one part of the joint aspect of the MO A. The package was designed to be 
compact, lending itself toward easy installation with minimum complexity. The package was installed on 
the shelf inside the CONEX without difficulty. Figure 2.8 is a photograph of the completed installation. 
Figure 2.9 shows the general layout of the package and identifies the major components. The main box and 
platform with instrumentation weighs 90 pounds. Power is supplied by a 24-volt lead-acid aircraft battery 
weighing 29 pounds. Total weight of the installed package is 1 19 pounds. A total of nine data signals are 
transmitted by the load, eight signals from the instruments in the package plus the magnetic compass 
signal. Signal sample rate is 260 hertz. A detailed list is included in Appendix A 




Figure 2.8. Final Installation of Instrumentation Package in CONEX. 
Note Compass Ann on the Left. 
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U£2S 



1. Digital Voltage Meter 


8. CTJ Rail 




2. Inclinometer 


9. Transistor 


TOP VIEW 


3. Inclinometer 


10. Radio Transmitter 


(Major Components) 


4. Accelerometer 


11. DC Filter 




5. Rate Gyro 


12. Battery Terminal 




6. PCM Encoder 


13. Battery 




7. DC to DC Converter 







DRA WING NOT TO SCALE 
ALL DIMENSIONS IN INCHES 



Figure 2.9. Sling-Load Instrumentation Package. 



E. HELICOPTER INSTRUMENTATION 



As mentioned in the description of the helicopter, a full compliment of instrumentation is installed 
in NASA 748. Appendix A gives a detailed list of those signals recorded during the MOA Task 8 test 
flights. Of particular interest are the control inputs, boost servo output, mixer inputs, and helicopter 
attitude and angular rate signals for all axes. Figure 2. 10 is a simplified representation of the helicopter, 
which identifies the point where some of the signals are obtained. The sample rate is 209 hertz. The 
majority of scaling and gains values, some of which are listed in Table 2.4, were obtained from the work 
done dining the “Airloads Project”, in which this helicopter was most recently involved. 
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Figure 2. 10. Simplified Illustration of Signal Source Locations on NASA 748. 
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ITEM 
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BY 


CONVERT 

TO 


NEW 
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DI00 


Percent 


0. 1125 


Inches 


XBIN 


Lateral Stick 


DIOl 


Percent 
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Inches 


XAIN 


Pedals 
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Percent 


0.056875 
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XPIN 


Collective 
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Mixer Inputs: 
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Percent 
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Primary Servo Outputs: 
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derived variables routine for the UH-60A rotor system Phase HA tests. 
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Boost Servo CXitputs: 










Longitudinal 


XEBOOST XB1N * 0.21 


Indies 




Lateral 


XABOOST XA1N * 0.24 


Inches 




Directional 


XPBOOST XPIN * 0.36 


Inches 




Collective 


XCBOOST XCIN * 0.20 


Inches 




NOTE: These equations were 


: provided by Mark Tischler to account for the mechanical 


connections between the cockpit controls and the boost servo outputs. 





Table 2.4. Gains and Scaling Factors for Selected Signals 
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F. HELICOPTER VIDEO CAMERA 

A small video camera was installed against the starboard side of the cargo hook “hell hole”, 
looking down over the load as shown in Figure 2. 1 1. The video signal was recorded onboard in VHS 
format, as well as transmitted to the ground statioa Unfortunately, due to tracking and reception problems 
the signal was only available to the flight test engineers when the aircraft was performing maneuvers at the 
field The quality of the onboard video recording was excellent, however, providing a valuable source of 
information for post flight analysis. 




Figure 2.11. “Hell Hole” Mounted Video Camera (Left of the Cargo Hook). 
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EQ. FLIGHT TEST PROGRAM 



A. HISTORY 

Shortly after Task 8 was included in the MOA, preparations were made to acquire the necessary 
equipment and begin the flight tests. Transfer of NASA 748, a UH-60A Black Hawk helicopter on 
extended loan from the U.S. Army, was completed at the end of January 1995. A search for practical and 
safe external loads resulted in the acquisition of the IK block, 4K and 6K blocks, and the CONEX. A 
standard 10,000-pound capacity, four-leg sling and 20-foot long single pendant sling with a four-leg bridle 
were purchased. The four-leg 10K sling was used as the baseline sling configuration although initial flight 
with the IK block used the single pendant and bridle sling 

All flight tests took place at or near Moffett Field, Ames Research Center, Mountain View, 
California. The first data flight, designated Flight 150, occurred in April 1995, and focused on initial 
procedure check out. Since that flight, 18 data flights and three calibration flights totaling 28 flight hours 
were flown in support of the project. A summary of the test flights is included in Appendix C. Prior to 
October 1996, test flights produced data mainly associated with the solid loads. Between October 1996 and 
July 1997, NASA 748 was grounded as a result of mechanical difficulties associated with the flight-control 
rigging. When cleared for flight in July 1 997, data tests resumed in earnest. Betw een the end of July and 
the end of August 1997, eight data flights were flown, focusing on the CONEX load. Included in this 
series was a no-load flight (Flight 170) flown at hover, 30 knots and 50 knots, which established the 
baseline data set. 

Flight 173, flown August 1997, concluded this first phase of flight testing in support of Task 8 of 
the MOA Prior to beginning the next phase of flight tests, time has been allotted to further examine the 
data obtained. From this analysis and based on the original goals of the Task, additional flight phases will 
be developed and executed. 
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B. FLIGHT TEST PROFILE 

The analysis of the test data was in the frequency domain. As such, the basic type of test inputs 
required for this analysis consisted of frequency sweeps. The frequency sweeps were used to generate a 
high quality, frequency response database. Steps and doublets were also conducted but were not used in 
the analysis discussed in this paper. They will be used in future analysis for time domain verification of the 
resulting models. Testing techniques and methodology are addressed in detail in Reference [13]. 

The frequency sweeps were manually generated by the pilot applying a sinusoidal input to the 
controls, in the axis of interest. Each sweep begins and ends with a period of at least three seconds of trim 
data. The sweep is initiated with two complete input cycles at the minimum frequency. This is followed 
by a smooth and continuous increase in the frequency up to the maximum limit planned for the maneuver. 
By letting the pilots perform the sweeps, the excitation signals are typically spectrally richer than when the 
inputs are computer generated Actual displacement of the controls remains within the range 0.5 to 1.5 
inches, with the focus being on a perceived continuous control movement by the pilot. To assist the pilot, 
the co-pilot calls out quarter cycles and the ground test engineers notify the pilot upon reaching 1.0 and 2.0 
Hz. During the sweep, the pilot attempts to maintain the aircraft centered about the trim condition. Figure 
3. 1 depicts a typical frequency sweep input and the resulting aircraft response. A physical limitation to this 
sweep technique is the relatively large aircraft motions at the lower, long period frequencies. [Ref. 13] 

The frequency limits of the sweep were established based on the following concerns. First, the 
natural frequency of the pendulum mode of the loads is estimated to be approximately 0.24 Hz (1.5 rad/sec) 
(see Section IV.D). Second, frequency ranges of 0.03 to 1.9 Hz (0.2 to 12 rad/sec) and 0.16 to 2.9 Hz (1.0 
to 18.0 rad/sec) are recommended for handling qualities simulation and flight control system design 
models, respectively [Ref. 14]. Third, the lateral and vertical bending modes of the fuselage occur at 5.4 
Hz (33.9 rad/sec) and 6.2 Hz (39.0 rad/sec), respectively. Fourth, the main rotor lag-regressive mode 
occurs at 2.4 Hz (15. 1 rad/sec) [Ref. 15]. Therefore, to avoid possible excitation of the helicopter structural 
and rotor modes and still provide a wide, safe frequency spectrum, a range from 0.05 to 2.0 Hz (0.3 to 12.6 
rad/sec) was selected. The resulting period of the low frequency limit was thus 20 seconds, with 5.0 second 
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Figure 3. 1. Sample Roll Frequency Sweep and Roll Rate Response Time Histories. Upper 

Plot - Lateral Stick Deflection (5^) in Inches. Lower Plot - Roll Rate (p) in Deg/Sec. 

quarter-cycles. The total record length was typically greater than eighty seconds, which matches the length 
of 3 -4 times the maximum period recommended by Reference [13]. 

Step and doublet inputs followed the sweeps. They were typically repeated twice, with the initial 
movement in the opposite direction on the second pass. The step input was held long enough to record 
about 10 to 15 seconds of data and then the pilot would return the controls to trim. Figures 3.2 and 3.3 
illustrate typical step and doublet inputs and with corresponding on-axis aircraft response. 

The typical scenario for a data flight began with the crew brief. Required attendees were the 
aircrew, load handlers, and the flight test engineers. Main items covered in the brief were the test plan and 
any safety items. Following the brief, the pilots finished necessary preparations of the aircraft. The load 
handlers positioned the load at the pickup point and powered up the load instrumentation package. The 
engineers proceeded to the ground station and ensured all systems were ready there (see Section HI.C). 
Once the helicopter was powered up, the pilots initiated the control throw checks and took the compass 
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TIM E.27(1 5:49:1 7.9390) 



Figure 3.2. Sample Roll Step Input and Roll Rate Response Time Histories. Upper 
Plot - Lateral Stick Deflection (5^) in Inches. Lower Plot - Roll Rate (p) in Deg/Sec. 




Figure 3.3. Sample Roll Doublet Input and Roll Response Time Histories. Upper 
Plot - Lateral Stick Deflection (8^) in Inches. Lower Plot - Roll Rate (p) in Deg/Sec. 
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calibration data record With all systems operating, the crew taxied the helicopter to pickup the load The 
two load handlers waited by the load as the helicopter came to a lower hover over them and the load If the 
test load was the CONEX, the handlers had to climb on top of the box for the hook-up as seen in Figure 
3.4. As soon as one handler grounded the cargo hook, the other placed the sling shackle on the hook. 

When the handlers were clear of the load, the helicopter lifted it and proceeded to setup at the first flight 
condition. A full test card (see Appendix D) consisted of a trim point, followed by three sweeps, two steps 
and two doublets. Each maneuver was recorded on the deck and in the aircraft as detailed in Section IILC. 
The maneuvers focused primarily in the lateral and longitudinal axes, although this varied some throughout 
the program. Once all maneuvers at each test condition were completed the load was set down and the 
aircraft taxied into the line. In the chocks, prior to shut down, a short end-of-flight compass calibration 
record was made, completing a typical full-card data flight. 




Figure 3.4. CONEX Hook-up in Progress. 
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It should be noted, that although pilot comments were welcomed and desired, no formal 
methodology was established to obtain qualitative analysis of the flights, such as in a Cooper-Harper rating. 
Pilot comments were simply used to adjust the test plan as appropriate to the flight conditions experienced. 

G DATA ACQUISITION 

Extensive effort was put forth to ensure high quality data was available for both the near real time 
and post flight analysis. Figure 3.5 illustrates all the major components involved in the process. 

Data signals were generated by the helicopter ADAS instrumentation and the load instrumentation 
package. ADAS signals were wired directly to an onboard data tape recorder and transmitted in a pulse 
code modulation (PCM) stream to the ground statioa The load data telemetry signal was received and 
recorded both onboard the helicopter and at the ground station. The two data streams were recorded on 
separate tracks of the onboard tape. This tape was utilized as the primary data source for post flight 



Onboard Data and Video Tape 



CONEX Box with 
Instrumentation Package 




Telemetry (Data and Video) 
Helo to Ground Station 



Telemetry Load to 
Ground Station 



GtmiJ Station 

Pan and Tilt 
Ground Based Camera. 



i Video Receiver" 



I PCM Receiver 



Monitor and 
Ultimate P Tape 



-»( Monitor and VHS Tapj 



{ s tait/Stop Trigger} 




geldataXXXMn 



A 


Storage 
to Disk 




Analog Tape 




3 * 


(Taxi to Shutdown) 



(Selected Records) 



[ Edirmrt) 



DEC 5000 
Workstation. 



Sun Sparc 20 1 




Sun Sparc 20 " 


R CP 


f Sun Sparc 20 " 


Workstation 




Workstation 




Workstation 


. Solans 5.3 O/S, 




.Solaris 5.3 O/S, 




k BSD 4.1.3 O/Sj 



Telemetry 

Acquisition 



fox- goshawk 



fox-gpx6 



fox-sparrow 



►[ Lon 


U 5 10 j 


> 


f 


>-[ PTAPS] 






| Strip Charts] 



| Disploys Record Log J 



| Temporary Record 1 
I Storoge ] 



* 

| rvn^cal 1 

< runreolitme > 

[ CIFER J 



Figure 3.5. Schematic of MOA Task 8 Data Acquisition Process. 
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analysis. The video signal from the "hell hole” camera was recorded directly onboard the helicopter m 
VHS format Additionally, it was transmitted to the ground station. 

At the ground station (Figure 3.6), the helicopter video signal was patched to monitors in the 
control room and to a VHS recorder. Additional video coverage came from the “pan and tilt” camera 
located on the antenna tower at the test facility. This camera provided an excellent method of observing the 
test while the helicopter was at the field 




Figure 3.6. Ground Station Control Room. Shown (L to R) are Mark Tischler and Luigi 
Cicolaini, U.S. Army / NASA Rotorcraft Division, Ames Research Center, Monitoring 
Real Time Strip Charts During a Test Flight for MOA Task 8. CIFER was run on “fox- 
sparrow” located behind Mark Tischler. 

Once received at the ground station, the data signals travel three distinct routes (see Figure 3.5). 
First, the raw PCM stream was recorded on an analog tape. This recording was continuous from initial taxi 
to final shutdown. Second, the data was processed through the Loral 5 10 System and the parallel telemetry 
acquisition processing system (PTAPS) finally coming out at the strip charts. These were observ ed in real 
time. The final data path lead to the near real time analysis. 

By using a trigger switch, one of the flight test engineers started and stopped the recording of data 
for each maneuver. Each cycle of the switch created a permanent backup record which was stored to disk. 
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and a temporary record, which was stored on “fox-gpx6”, a Sun Workstatioa When the engineer running 
the near real time analysis in the control room was ready, the file was then transferred via remote copy 
protocol (RCP) to “fox-sparrow”, the workstation on which CIFER® was installed. It was during this 
process that the signals were converted from counts to engineering units, decimated to a sample rate of 50 
Hz, and scaled (see Table 2.4). The load angular rate coordinate transformation was also applied (see 
Section IV.D) at this time. Once this manipulation was complete, the record was ready to be processed 
through CIFER® Further details of this process are discussed in Section IV and Appendix E. 
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IV. DATA ANALYSIS 



The goals of the analysis of the flight test data were threefold First, the handling qualities, 
bandwidth frequency and phase delay, were determined from the on-axis closed loop responses of the 
helicopter, p/6la T and q/Slon as represented in Figure 4.1. These rate responses were then integrated to 
produce the roll and pitch attitude responses. The second analysis objective was to obtain values for the 
phase and gain margins of the control system for stability analysis. These were calculated from the 




Figure 4. 1 . Simplified Model of the Helicopter and Slung Load System. 



control system feedback loop. Third, characterization of the load motion was accomplished by analysis of 
the damping and natural frequency of the load pendulum modes. These parameters were obtained from the 
response of the transformed load angular rates to control input, P27 Sla T and q275L 0 N (Figure 4. 1). The 
analysis tools employed and the details of the analysis methodology are described in this section. 

A. ANALYSIS TOOLS 

1. CIFER® 

The analysis of the flight test data was accomplished employing the Comprehensive Identification 
from Frequency Responses (CIFER®) integrated software package developed by Dr. Mark Tischler, U.S. 
Army / NASA Rotorcraft Division, Ames Research Center. CIFER® has been developed and exercised 
over the past ten years on numerous flight test and simulation projects including the BO 105, AH-64, and 
UH-60 helicopters and the XV-15, V-22, and AV-8B fixed wing aircraft. Over 20 U.S. research/industry 
organizations currently utilize the CIFER® software. CIFER® allow s frequency domain analysis of time 
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history test data through an interactive framework It extracts a set of non-parametric input-to-output 
frequency responses without a-priori assumptions. The analysis applications of CIFER® include rapid 
identification of transfer function models, spectral signal analysis, handling qualities analysis, 
determination of crossover characteristics, and time and frequency domain comparisons of identification 
versus simulation model predictions. Also incorporated into the software are routines for response 
arithmetic and several methods of data presentation, including plotting. Figure 4.2 illustrates the basic 
components of the CEFER® software package. For the analysis performed here, only a few of the utilities 
were utilized. [Ref. 16] 




Figure 4.2. Major CIFER Utilities and Data Flow. From Ref. [14]. 



To start, the frequency response for each axis and each set of input and output variables was 
calculated in FRESPID. FRESPID calculates the responses though a Chirp-Z Transform (CZT). The CZT 
is a flexible form of the Fast Fourier Transform (FFT), which does not require that the number of time 
history points and number of frequency points be equal. The CZT also allows the user to calculate the FFT 
over any frequency range. As with any FFT the input and output functions must be bounded, and by 
ensuring the frequency sweep starts and ends in trim, this condition was met. When possible multiple 
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sweep records, performed at the same flight conditions, were concatenated in order to increase the number 
of averages, reducing the random error and thus increasing the coherence. This translates into a higher 
signal to noise ratio and improved calculated frequency response. [Ref. 14] 

The coherence function is a numerical measure of the accuracy of the frequency response and was 
critical to the success of the identification. It is the “fraction of the output that is linearly related to the 
input power.” The value of the coherence is always less than one. This is due to three effects; 1) the non- 
linearity of the actual physical system, 2) the noise associated with the output and 3) secondary inputs, 
including off-axis control inputs and external inputs such as gusts. A coherence of 0.6 or greater is 
considered acceptable. [Refs. 13 and 14] 

Current analysis focused on the single input, single output (SISO) approach; meeting the primary 
objectives of the analysis by investigating only the on-axis responses of the aircraft and load to control 
deflection inputs. For each flight condition, three frequency responses were calculated; 1) the helicopter’s 
closed loop attitude response, 2) the broken loop response of the control system, and 3) for those flights 
with a load, the response of the load. For each of the three, up to five individual frequency responses were 
calculated in FRESPID based on selected windowing, one response for each size window. A window is 
simply a method of analyzing the signal time histories in blocks of time. The window is sequenced and 
overlapped across the entire sweep record or concatenated records. A larger window improves the low- 
frequency identification but reduces the number of averages. This results in a poorer frequency response at 
high frequencies where averaging is needed to counter lower signal to noise ratios. Smaller windows, on 
the other hand , increase the number of averages, improving the high frequency response, but in turn, 
degrade the low-frequency identification. The COMPOSITE algorithm eliminates the need for the user to 
manually optimize window size selection. It produces a quality compromise between the responses 
calculated based on the chosen windows. For the near real-time analysis, only one window , sized to 20 
seconds, was selected and therefore, COMPOSITE was not required to optimize the response. For the post 
flight analysis however, five windows, sized to 10, 20, 25, 30, and 40 seconds, were chosen and 
COMPOSITE was required in order to produce a single response. This response was then used for the 
stability and handling qualities analysis. [Ref. 14] 
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The load motion characteristics, damping and natural frequency, discussed in detail in Section 
IV.D, were determined by fitting a second order system to the load’s frequency response. This was 
accomplished through the CEFER® routine called NAVFIT. “NAVFIT determines the transfer-function 
coefficients based on a non-linear (Rosenbrock) least-squares minimization of the cost function [Ref. 14].” 
The cost function is simply a mathematical measure of how well the model fits the data. A fit is considered 
good any time the ‘cost’ is less than 100. In most cases for this analysis, the cost was less than 40. The 
flexibility of the routine allows the user to ‘fix’ or ‘free’ specified coefficients, apply a time delay, select 
the transfer function order, and define the frequency range of interest. For this analysis, the coefficients 
and time delay were not fixed, a zero-over-second order transfer function was selected, and the frequency 
range was typically between 0.5 and 3 rad/sec. 

Handling qualities and stability margins, discussed in further detail in Sections IV.B and C, were 
calculated from generated frequency responses by Utility #8. Hots were generated within each routine, as 
well as by using general plotting functions of Utility #19. All generated frequency responses were 
automatically organized and stored in a database, which CIFER® created and managed. 

2. Derived and Smoothed Variables Code 

For the post flight analysis, a set of programs were created by Mr. Luigi Cicolani, U.S. Army / 
NASA Rotorcraft Division, Ames Research Center. Among the many functions these routines performed 
were the application of the necessary scaling of control signals (see Table 2.4) and the coor dina te 
transformations of the load angular rates (see Section IV.D). Although not required for this analysis some 
of the additional calculations included; application of instrumentation correction for airspeed and altitude, 
calculation of the calibrated, equivalent and true airspeeds, correction of the inertial accelerations due to 
sensor location and changes in center of gravity, smoothing of angular rate and linear acceleration signals 
by applying a 2.5 Hz cutoff frequency, and the derivation of the angular acceleration from the angular rate 
signals. A complete list of the derived and smoothed signals for the helicopter and the load is contained in 
Table A2 and Table A.3 respectively. 
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3. 



GetData 



GetData, Version 3.2.5, developed at NASA Dryden Flight Test Facility, is a Fortran utility 
program for manipulating time history data [Ref. 17]. This utility was used to extract specific sensor 
signals from the flight test data files. These signals were then modified or used to calculate other 
parameters necessary for analysis. GetData’s ability to manipulate and merge signal time histories and 
work with the compressed UNC3 data format was extensively used in this project, in particular in the 
derived and smoothed signal programs. 

4. XPIot 

XPlot, Version 3.06, developed at NASA Dryden Flight Test Facility is an XY plotting package 
designed to plot out time history and frequency response data [Ref. 18]. It was extensively utilized post- 
flight, to plot and scrutinize the flight data. The utility allows the user to “zoom” in and out as necessary' to 
get a detailed look at the form and consistency of the data. XPlot also provides a means of performing 
simple math functions on individual or multiple time histories. 

5. Microsoft EXCEL® 

EXCEL® was utilized as common software for the development of databases to track each test 
flight, the real time and post-flight analysis results, and the C1FER® case-name catalog. Due to its 
commonality across both Macintosh and Windows operating systems, it provided a convenient tool for this 
purpose. 



B. HELICOPTER HANDLING QUALITIES 

The bandwidth frequency (co B w) and phase delay (Tp) parameters were computed from the closed- 
loop frequency responses of the helicopter, p/5la T and q/5i,oN (Figure 4. 1). These two parameters together 
provide a quantitative measure of the handling qualities of an aircraft. The Aeronautical Design Standard 
(ADS)-33D-PRF [Ref. 19] is the current standard with regards to handling qualities. However, it does not 
adequately address cargo/utility helicopters, and more specifically, handling qualities for slung load 
operations. A separate program is currently in progress to expand the coverage of this specification to 
include cargo/utility helicopters with and without slung loads. [Ref 20] 
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1. Bandwidth Frequency and Phase Delay 

Bandwidth frequency is an indicator of how well an aircraft will track control inputs [Ref. 21]. 

The larger the bandwidth the more agile the aircraft, where as, a lower bandwidth results in a slower, 
smoother response. For rate responses, the bandwidth is the lesser of the gain and phase bandwidth 
frequencies, which are defined in Figure 4.3. The bandwidth frequency assures at least 6 dB of gain margin 
and 45 degrees of phase margin from the neutral stability frequency. 

Phase delay is a measure of the slope of the phase plot between the 180-degree frequency (coigo) 
and twice the 180-degree frequency (2coi 80 ) , usually determined by a linear least squares fit [Ref. 19]. A 
small phase delay, shallow slope, means that minor control deflections near the 180-degree frequency will 
not produce a significant phase change. This can be translated into good response predictability. As the 
phase delay becomes larger, small control disturbances result in major changes in the phase, and therefore, 
a less predictable response. Aircraft with large phase delays are more prone to pilot induced oscillations 
(PIO) [Ref. 13]. Although the expression for the phase delay seems to establish a well-defined criterion, in 
actuality the linear assumption made is not always valid in this area of the phase plot. In addition, the slope 
of the phase curve often changes dramatically within the range of g ) 180 and 2 coi 80 . Compounding these 
concerns is the fact that the data at 2 g>i 80 is often unreliable based on the poor coherence of the response. 
One possible reason for the poor coherence is the fact that since the objective of the test is to identify the 
frequency response, accurate knowledge of 2<o 180 is not available prior to the flight. Therefore, the sweep 
range may not adequately cover this frequency. The definition of the phase delay is shown on Figure 4.3. 
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